In recent years, novel two-dimensional (2D) materials have revolutionized the field of ultrafast laser technology. They have emerged as efficient, cost-effective, and universal saturable absorbers for the so-called ultrafast lasers, which emit ultrashort optical pulses (on the timescale of femtoseconds). Thanks to their unique optical properties, such as broadband absorption, short recovery time, low saturation fluence, and high modulation depth, they might be used as saturable absorbers for different lasers (solid state, fiber, semiconductor) operating at different wavelengths (ranging from 500 to 2500 nm). Such lasers may find various applications in different areas of industry, medical procedures, precise metrology, gas sensing, laser spectroscopy, etc. This chapter discusses the recent achievements in the area of ultrafast fiber lasers utilizing 2D materials: graphene, topological insulators (Bi 2 Te 3 , Bi 2 Se 3 , Sb 2 Te 3 ), transition metal dichalcogenides (MoS 2 , WS 2 , etc.), and black phosphorus. The optical properties of those materials will be described. Their usability in ultrafast photonics will be discussed.
Introduction
Atomically thin layered materials, usually referred to as 2D materials or low-dimensional materials, are often characterized by unique and unexpected electronic and optical properties. The most popular example of a 2D material is graphene, which is composed of a single layer of carbon atoms, forming a 2D honeycomb lattice. Graphene is a fundamental building block of three-dimensional (3D) graphite. The growing interest in novel two-dimensional materials started in 2004 after the discovery of unique electrical properties of graphene [1] . After that success, the scientists around the world extensively investigate other thin layered materials, such as topological insulators (TIs), transition metal dichalcogenides (TMDCs), black phosphorus (BP), and many others.
The popularity of 2D materials among researchers is mainly driven by their unique electrical properties and their potential applications in new-generation electronic devices. However, those materials are also characterized by multiple unique optical properties, such as broadband and almost wavelength-independent absorption or optical bistability (saturable absorption with ultrashort recovery time and high modulation depth). Those properties make 2D materials useful in laser technology, e.g., as saturable absorbers for lasers emitting ultrashort optical pulses. The so-called mode-locked lasers, emitting ultrashort pulses in the infrared range, are currently on demand of many industrial, military, and medical applications. They might be used in many various fields, e.g., in medicine and surgery [2] , materials processing [3] , laser spectroscopy [4, 5] , and fundamental science (generation of terahertz waves [6] , multiphoton systems for optical imaging [7] , or supercontinuum generation [8] ). Ultrafast lasers are also main building blocks of optical frequency combs, which are currently used in, e.g., spectrograph calibration enabling detection of extrasolar planets [9] or optical-atomic clocks [10] . The research on novel 2D materials strongly contributes to the development of novel laser sources, enabling generation of shorter pulses and broader bandwidths at new wavelength regions, previously uncovered by any other coherent light source. This chapter explains the fundamentals of ultrashort pulse generation and reviews and summarizes the most important recent achievements in the field of ultrafast lasers incorporating 2D materials.
Saturable absorbers

Saturable absorption effect
Saturable absorption (SA) is a nonparametric nonlinear optical process, which occurs in many materials under excitation with high-power light beam. In general, the optical transmittance of a saturable absorber is power dependent in a way that it introduces larger losses for lowintensity light. After illumination with high-intensity light, the absorption saturates and the SA becomes more transparent. A saturable absorber is characterized by three main parameters: its modulation depth (α 0 ), saturation intensity or saturation fluence (I sat /F sat ), and nonsaturable losses (α NS ). All those parameters are bound with a simple formula, which describes the powerdependent absorption α(I) of a two-level saturable absorber [11] : The modulation depth can be understood as the contrast ratio between the "on" and "off" states of the SA, i.e., the difference between the minimum and maximum transmission. The nonsaturable loss is a constant linear loss level, which cannot be saturated. The saturation fluence (or saturation intensity) is usually defined as the incident fluence (or intensity) needed to achieve half of the modulation depth. A typical saturable absorption curve calculated with the use of formula (1) is plotted in Figure 1 together with indicated parameters (note that the X-axis is in the logarithmic scale). Alternatively, the Y-axis might be scaled in the transmittance value.
Mode locking of lasers using saturable absorbers
Thanks to its "bistable" nature, a saturable absorber might act as a very fast optical switch when inserted into a laser cavity. A simplified schematic of a laser resonator incorporating a saturable absorber is depicted in Figure 2 (a). After turning on the laser (i.e., pumping the gain medium), the saturable absorber is in its "off" state, introducing quite high losses, which predominate the laser gain (see Figure 2(b) ). After a short period of time (e.g., few hundreds of cavity roundtrips), an optical pulse will spontaneously arise from the continuous wave (CW) noise. If the intensity of the pulse will be high enough, it will pass through the SA with smaller losses than the CW noise. In consequence, a short pulse might be emitted from such laser [12] . An ultrashort pulse is always an effect of constructive interference between a certain number of longitudinal modes in the cavity. In order to achieve this interference, the consequent modes need to have fixed phase relationship with each other. In other words, the phase of the modes needs to be locked ("mode locking"). If the modes would oscillate randomly (without phase coherence), the output radiation would be multimode, continuous wave (CW). When the phases of the modes are locked, the laser will generate optical pulses according to the rule: more synchronized modes-shorter pulses.
There are several types of saturable absorbers currently used in laser technology. They can be generally classified into two categories: artificial and real SAs (see Figure 3) . The term "artificial SA" refers to a mode-locking technique, where a nonlinear optical effect (which is power dependent) acts as a saturable absorber. Among those techniques, the most important include nonlinear polarization rotation (NPR), nonlinear loop mirrors (NOLM) or nonlinear amplifying loop mirror (NALM), and Kerr-lens mode locking (KLM).
Among real saturable absorbers we can distinguish two groups: semiconductors (so-called semiconductor saturable absorber mirrors, SESAMs) and nanomaterials. The SESAMs are currently one of the most widely used saturable absorbers in solid-state and fiber lasers, also in commercially available industrial systems. They are based on a well-established technology developed for more than 20 years [13] . However, SESAMs have some limitations. The technology is based on semiconductors (e.g., InGaAs/GaAs quantum wells), which are characterized by an energy band gap. Consequently, this results in a limited wavelength operation range. Thus, each SESAM needs to be designed strictly for a specific laser (operating at a certain wavelength). Fabrication of the SESAM also involves expensive and complicated molecular beam epitaxy (MBE) technology [14] . All those limitations have driven the laser community to seek for alternative, new saturable absorber materials. The field of nanomaterialbased SAs emerged in recent years to one of the most important branches of ultrafast laser technology. This new era started in 2003 as Set et al. [15] demonstrated the first CNT modelocked fiber laser. Few years later, in 2009, the first lasers utilizing graphene were reported [16, 17] . Starting from this date, the number of papers and reports on fiber lasers mode-locked with graphene and other 2D materials: topological insulators, transition metal dichalcogenides, and recently black phosphorus, grow rapidly. There are several techniques of fabricating saturable absorber devices using 2D materials and make them suitable for use in a mode-locked laser, which might be either a solid-state or a fiber-based laser. The most popular approaches are illustrated in Figure 4 .
The material might be deposited on a glass plate (plano window or a wedge) and inserted into the cavity as a free-space transmission saturable absorber (Figure 4a ). This approach is most suitable for solid-state lasers [18] [19] [20] . For example, in the work of Ugolotti et al., a graphene monolayer grown via chemical vapor deposition (CVD) was transferred from a copper substrate on to a 1 mm thick quartz plate, with the use of poly(methylmethacrylate) (PMMA) polymer. Such SA exhibited 0.75% of modulation depth at 1 μm wavelength and supported mode locking with around 32 μm spot size on the graphene surface. Glass windows with deposited SA material might also be used in fiber lasers (e.g., with graphene [21] ), but this approach seems not to be as efficient as the other methods. The world's first TI-based fiber laser used a Bi 2 Te 3 layer deposited on a quartz plate and inserted into the cavity between two collimators [22] . The SA material might also be deposited on a mirror (Figure 4b ) and inserted into a linear laser cavity (both fiber based or free space). In the case of a fiber ring-shaped resonator, one can use a circulator to couple the mirror with the cavity. This approach was used, e.g., by Xu et al. [23, 24] for the generation of femtosecond pulses from Er-doped fiber lasers. Graphene-coated mirrors might also serve as saturable absorbers in linear laser cavities as demonstrated by Cunning et al. [25] . However, usually graphene-coated mirrors serve as saturable absorbers for solid-state lasers [26] [27] [28] [29] . The most impressive results were obtained by Ma et al. [29] . The SA was based on high-quality, CVD-grown monolayer graphene transferred onto a highly reflecting dielectric mirror. The spot size on the SA was about 60 μm. The laser was capable of generating 30 fs pulses at 50 nm bandwidth centered at 1070 nm [29] .
The probably most popular and common technique of fabricating saturable absorbers with 2D materials is based on fiber connectors (as shown in Figure 4c ). This approach was already demonstrated with graphene [30, 31] , TIs [32, 33] , TMDCs [34, 35] , and BP [36, 37] . It is a very convenient method since it is alignment free and very robust. It allows to keep the cavity fully fiberized, which is very advantageous-the lasers are more compact, stable, and invulnerable to external disturbances.
The newest technique of SA fabrication is based on the evanescent field interaction effect. For this purpose, tapered fibers (microfibers) or side-polished (D-shaped) fibers might be used ( Figure 5 ). The saturable absorption is based on the interaction between the evanescent field propagating in the cladding of the fiber and the deposited material. Such saturable absorbers were first used in combination with carbon nanotubes [38] . In 2010, Song et al. [39] demonstrated the usage of a graphene-coated D-shaped fiber as a saturable absorber. The laser was capable of generating pulses at 1561 nm with 2 nm of full width at half maximum (FWHM) bandwidth. Afterward, the deposition of TIs and TMDCs on such fibers was demonstrated [40, 41] . The alternative approach, using tapered fibers, is also commonly used and was demonstrated by several authors [42] [43] [44] [45] [46] . The performance of fiber lasers with evanescent field interaction is indisputable: 70 fs pulses were generated with a TI deposited on a tapered fiber [47] , whereas Sb 2 Te 2 deposited on a sidepolished fiber allowed to achieve 128 fs pulses [48] . However, both techniques have some serious drawbacks. A saturable absorber based on a D-shaped fiber, due to its asymmetry, is always characterized by a polarization-dependent loss (PDL), which mostly depends on the material type (its refractive index), interaction length, and the distance between the polished region and the fiber core. In some reports, the PDL was kept at quite low levels (e.g., 1 dB in [49] with 6 μm distance between the material and the core), but sometimes it exceeds several dB [50] . In this situation, it is difficult to distinguish whether the mode locking originates from nonlinear polarization rotation or from the saturable absorption in the 2D material. In 2015, Bogusławski et al. [51] performed an experiment, which has unambiguously proven that mode locking in such oscillators is a combination of both effects. The study revealed that the hybrid mode-locking mechanism (combined NPR with saturable absorption of Sb 2 Te 3 topological insulator) allows to achieve the best performance (in terms of bandwidth and pulse duration), when compared with a truly NPR or a TI-SA mode-locked laser. In the case of taper-based SAs, it is worth mentioning that in order to achieve sufficient interaction the fiber diameter needs to be reduced to less than 7 μm [42] [43] [44] [45] , which makes the taper quite long (from 5 to 18 cm waist length [44, 52] ), and obviously much more fragile than a normal optical fiber. On the other hand, many authors who investigated evanescent field interaction claim higher optical power-induced damage threshold for such SA in comparison to connector end-face deposition due to better thermal management [39] .
Nonlinear absorption measurements
The three basic nonlinear parameters of a saturable absorber (modulation depth, saturation fluence, and nonsaturable loss) might be measured in the so-called power-dependent transmission setup, which is depicted in Figure 6 .
As a pumping source, an amplified pulsed laser (e.g., femtosecond or picosecond) is used in order to provide intensity high enough to saturate the saturable absorber. The beam from the laser is divided into two parts. The first beam acts as a reference channel and is directed to the power meter, whereas the second beam is focused by a lens and directed to the saturable absorber (e.g., 2D material deposited on a quartz plate). The sample is scanned along the waist of the beam (in the z-axis) in order to change the field intensity on the surface of the material.
The power in both arms is measured by a dual-channel power meter and afterward compared in order to calculate the saturable absorption curve. In the case of fiber-based saturable absorbers (e.g., 2D material deposited on connectors or tapered fibers/D-shaped fibers), a modified version of the setup needs to be used. The schematic of an all-fiber power-dependent transmission experiment is depicted in Figure 7 .
Here, the power incident on the sample might tune with the use of a variable optical attenuator (VOA). The beam from the pump laser is also divided into two parts, but this time using a fiber coupler with defined coupling ratio, e.g., 50%/50%. Again, after passing through the absorber, the power is measured and compared with the reference channel. 3. Mode locking of lasers using graphene
Graphene
Graphene, one of the allotropes of carbon, is commonly described as a "wonderful material", thanks to its unique electronic properties and a great number of possible applications. Besides the application in pulsed lasers, graphene was successfully used in many optoelectronic devices, such as photodetectors [53] , modulators [54] , polarizers [55] , sensors [56] , and solar cells [57] . The lack of the band gap in pristine graphene [58] might generally be unwanted in some electronic applications, but makes it extremely useful in photonics. Thanks to this unique property, graphene is characterized by a constant absorption coefficient in a wide spectral range. In consequence, it might act as a saturable absorber in lasers operating at different wavelengths. The historically first lasers mode-locked with graphene were developed in 2009 independently by the groups from Singapore and United Kingdom [16, 17] . Shortly after those reports, a number of papers appeared, demonstrating novel concepts of ultrafast lasers utilizing various forms of graphene. In this section, the unique optical properties of graphene will be discussed. The recent experimental results reported in the literature are described and compared.
Saturable absorption of graphene
The process of saturable absorption in a graphene was extensively studied by researchers in the recent years [59] [60] [61] . The process is schematically explained in Figure 8 . A single graphene layer absorbs approximately a 2.3% fraction of the incident light [62] . The illumination causes excitation of the electrons from the valence band to the conduction band. After a very short relaxation time, these electrons cool down to a Fermi-Dirac distribution (step 2). After further illumination with high intensity light, the energy states in both bands fill, which blocks further absorption (Pauli blocking), and the saturable absorber bleaches [16, 61] . Graphene is characterized by a fast 70 -150 fs relaxation transient, followed by a slower relaxation process in the 0.5 -2.0 ps range, which was confirmed by pump-probe measurements [59, 60] . As mentioned previously, a single layer of graphene absorbs approximately 2.3% of incident low intensity light. This absorption coefficient remains constant over a broad bandwidth, ranging from the visible to the mid-infrared [63] . However, the saturable absorption (i.e., the modulation depth) is slightly wavelength dependent. An exemplary measurement of the nonlinear transmission through a CVD-grown monolayer of graphene deposited on a glass window is plotted in Figure 9 . The curve was obtained using an experimental setup as depicted in Figure 6 , with a 80-fs fiber laser operating at 1560 nm as an excitation source. Since graphene is considered as a fast saturable absorber (which is determined by its short relaxation time), its nonlinear transmission is described by different, more complex formula than the presented previously (Eq. (1)), valid for fast SAs [65, 66] :
Two-dimensional Materials -Synthesis, Characterization and Potential Applicationswhere ΔT denotes the modulation depth. The theoretical fit (solid red line in Figure 9 ) was calculated using the following parameters: F sat = 105 μJ/cm 2 , α NS = 1.1%, and ΔT = 1.24%. The theoretical curve fits very well the experimental data; however, it can be seen that the sample was not fully saturated due to insufficient pump power.
Controlling the modulation depth of graphene-based saturable absorbers
As shown in the previous section, the modulation depth of a single graphene layer at the two most popular fiber laser wavelengths (1 and 1.55 μm) is quite small, at the level of 1%. Typically, in the case of fiber lasers, such modulation depth is insufficient to initiate stable mode locking and generate ultrashort optical pulses. It is therefore necessary to increase the modulation depth of a graphene-based saturable absorber. This might be done by scaling the number of graphene layers in the SA device. What is also important, the modulation depth is a critical parameter which determines the behavior of a laser. The influence of the modulation depth of the saturable absorber on the performance of mode-locked lasers was already extensively investigated numerically and experimentally. As an example, the study of Sobon et al. [67] has revealed that large numbers of graphene layers are required to achieve optimal performance for subpicosecond mode-locked operation of an Er-and Tm-doped laser. Unfortunately, increasing the number of layers does not only change the modulation depth, but causes also an increase of nonsaturable losses, which are usually unwanted in fiber lasers.
The optical transmittance of multilayer graphene was investigated by Zhu et al. They have derived a simplified formula, which describes the transmittance as a function of number of layers [68] :
where N denotes the number of layers and α is the fine-structure constant revealed by Nair et al. [62] (≈1/137). However, this formula is valid only for multilayer graphene with defined stacking sequence (e.g., ABA or ABC). Such ordered structure might be achieved, e.g., in a CVD growth process on nickel (Ni) substrate [68] . This formula takes into account the interactions between the adjacent layers, which are present only when the graphene layers are properly stacked.
In the case of undetermined stacking, when, e.g., the graphene layers were grown separately and afterward stacked together, and there are no inter-layer interactions, a different formula needs to be used to calculate the transmittance:
The passage of a laser beam through such a multilayer graphene stack is illustrated in Figure  10 . The transmittance vs. number of layers curve calculated using both formulas is plotted in Figure 11 , together with experimental data obtained in [67] . Optical transmittance of multilayer graphene: calculated from formula (1) (red line, no interaction between layers), calculated from formula (2) (blue line, including layer interactions), and measured using multilayer graphene (dotted line) [67] .
As mentioned before, the modulation depth of graphene strongly depends on the number of layers. This allows to fabricate a proper saturable absorber to fulfill the requirements of a designed mode-locked laser. For example, dispersion-managed lasers (e.g., dissipative soliton lasers or stretched-pulse lasers) require much higher modulation depths than soliton lasers [69] . Figure 12 shows the examples of nonlinear transmission curves of saturable absorbers containing 9, 12, 24, and 37 graphene layers [67] . It can be easily seen that the modulation depth increases with the growing number of layers. It starts from 3% for 9 layers, up to 7.5% for 37 layers. 
Pulsed fiber lasers with graphene
The broadband saturable absorption of graphene makes this material an universal SA for different types of lasers. It has been already shown that the same graphene SA can provide mode locking in Yb-, Er-, and Tm-doped lasers [70] , or can also synchronize and phase-lock two lasers simultaneously [71, 72] . Figure 13 shows the examples of three fiber lasers: Yb-(a), Er-(b) and Tm-doped (c) modelocked with multilayer graphene composite. In the figure, each laser setup is depicted with its corresponding optical spectrum (e-g). All lasers were based on fully fiberized ring resonators and they utilized CVD-grown multilayer graphene immersed in a PMMA polymer support [73] . The Yb-doped oscillator consists of a segment of active fiber, an isolator, an output coupler (with 40/60% coupling ratio), a band-pass filter (BPF) with 2 nm FWHM, a polarization controller (PC), a 976 nm/1064 nm wavelength division multiplexer (WDM) and the saturable absorber. The laser was pumped by a 976 nm laser diode. Due to the normal dispersion of all fibers used in the cavity, a BPF is necessary to obtain dissipative soliton operation [74] . With the use of 48 layers of graphene in the SA, the laser generated pulses centered at 1059 nm and around 1.5 nm bandwidth and 17.1 MHz repetition frequency.
The Er-doped fiber laser shown in Figure 13 (b) was realized in a simplified configuration, with the use of a hybrid component comprising an 10% output coupler (OC), a WDM and an isolator (ISO) in one integrated device. All fibers and components were polarization maintaining (PM), so there was no need to use a PC to initiate the mode locking. The optical spectrum generated with the use of 32 layers of graphene is depicted in Figure 13 (e). It is centered at 1561 nm and has an FWHM of 20 nm, whereas the repetition rate was 100 MHz. The Tm-doped fiber laser was designed analogously to the Er-doped laser, but in this case the cavity was not all-PM, so the laser needs polarization alignment to initiate the mode locking. The oscillator is pumped at 1566 nm wavelength using a laser diode, beforehand amplified in an Erbium-doped fiber amplifier (EDFA). In this case, 12 layers of graphene were sufficient to support stable mode locking at 1968 nm with 10 nm of bandwidth (Figure 13f ) and 100.25 MHz repetition frequency. 
Graphene-based ultrafast lasers -literature examples
Solid-state lasers
Efficient mode locking of solid-state lasers (SSLs) with the use of real saturable absorbers is quite challenging. The gain of an active medium (bulk crystal) is not as large as in fiber lasers, and in addition, the free-space resonator needs to be carefully aligned. Also the losses introduced by the SA should be possibly small. This is why most of the graphene-based SSLs utilize monolayer or bi-layer graphene. Up till now, mode locking of SSLs ranging from 532 to 2500 nm has been demonstrated [75, 76] .
As an example, Baek et al. [20] demonstrated a Ti:Sapphire laser mode-locked with monolayer graphene. The laser generated 63 fs pulses at 800 nm central wavelength. There were also several reports on lasers operating around 1 μm wavelength [27] [28] [29] . The most prominent result was obtained by Ma et al. [29] . The authors have demonstrated stable 30 fs pulses centered at 1068 nm from diode pumped Yb:CaYAlO 4 laser by using high-quality CVD monolayer graphene as saturable absorber. These are the shortest pulses ever reported from graphene mode-locked lasers.
Broadband saturable absorption of graphene enables to achieve ultrashort pulse generation also in the mid infrared region. For example, Ma et al. [77] demonstrated a SSL based on a Tmdoped calcium lithium niobium gallium garnet (Tm:CLNGG) crystal, generating 729 fs pulses at 2018 nm. The SA was formed by transferring CVD-grown, high-quality, and large-area graphene on a highly reflective plane mirror. Later, Cizmeciyan et al. [76] further extended the spectral coverage of graphene-based lasers by using a Cr:ZnSe crystal. High-quality monolayer graphene transferred on a CaF 2 windows enabled generation of 232 fs pulses at 2500 nm wavelength.
Ytterbium-doped fiber lasers
Mode locking of Yb-doped fiber lasers using real saturable absorbers might be challenging, mostly due to the fact that such oscillators are operated in the all-normal dispersion regime. The dispersion of standard single-mode fibers is normal for wavelengths shorter than ~1300 nm. Thus, a typical Yb-doped laser built from standard components will be characterized by a positive net group delay dispersion (GDD). This implies dissipative soliton operation of such laser. In order to generate a dissipative soliton, several conditions must be fulfilled [78] . The saturable absorber needs to have sufficient modulation depth in order to imitate and maintain the mode locking. In the case of graphene, it implies the usage of multilayer composites. Moreover, dissipative solitons are characterized by a quite large pulse energy, significantly larger than those achieved in conventional soliton lasers (e.g., Er-or Tm-doped). Optical damage of the SA might be a serious issue which precludes mode locking in Yb-doped fiber lasers.
Up to date, there were only few graphene-based, dissipative soliton Yb-doped fiber lasers reported [70, [79] [80] [81] [82] . In all cases, the generated optical spectra were narrower than 2 nm. The broadest spectrum of 1.3 nm was achieved by Zhao et al. [79] . The obtained pulse duration was 580 ps. Such long pulse durations originates from the giant chirp, which is a consequence of the large normal dispersion of the cavity. Usually, dissipative soliton pulses from all-normal dispersion (ANDi) lasers are compressible almost to the transform-limited value [83, 84] . Nevertheless, the performance of the graphene-based YDFLs is far worse than of YDFLs utilizing other mode-locking techniques, such as NOLM/NALM, SESAM, or NPR, where broadband spectra with large pulse energies are achieved [85] [86] [87] .
Erbium-doped fiber lasers
Erbium-doped fiber lasers are obviously the most popular constructions among all fiber lasers, thanks to the wide availability of cost-effective components for the telecom industry (couplers, isolators, multiplexers, photodiodes, etc.). The dispersion of standard optical fibers is anomalous at 1.55 μm, which implies soliton-type operation of a typical laser (without any dispersion compensation). Such lasers are quite easy to build in all-fiber configuration, without the necessity of using any free-space bulk components.
The first reported graphene-based fiber lasers back in 2009 were Er-doped fiber lasers [16, 17] . Shortly after those reports, a number of papers appeared, demonstrating novel concepts and ultrafast laser setups utilizing various forms of graphene. The shortest ever reported pulse generated from an Er-doped graphene-based fiber laser was 88 fs reported by Sotor et al. [88] in 2015. For a quite long time (over 4 years) the "world record" was held by Popa et al. (174 fs) [63] . In 2014, Tarka et al. [89] reported generation of 168 fs pulses. Both lasers (from [89] and [63] ) were characterized by similar cavity design and similar saturable absorber (graphene obtained via LPE), with quite low modulation depth (2.6 and 2.0%). In both cases the pulse duration was also comparable (168 and 174 fs). The significant improvement in terms of pulse duration was possible not only by proper dispersion management, but mainly by increasing of the SA modulation depth to 11% [88] . The parameters of the three lasers with shortest reported pulses are summarized in Table 2 . Summarized parameters of three graphene-based lasers emitting the shortest pulses.
Thulium-doped fiber lasers
Thulium-doped fiber lasers operating in the 1.9-2.0 μm are currently considered as one of the most important branches of laser technology [90, 91] . The number of applications of such lasers rapidly grows.
Pulsed Tm-doped fiber lasers are suitable for use in many surgical and dermatological procedures. Due to strong absorption of the 1.9-2.0 μm radiation in water, heating of only small areas of human tissues is achieved. The light penetration into the tissue is at the level of microns, which allows precise cutting. In addition, bleeding is suppressed by coagulation [92] .
The second application, where Tm-doped fiber lasers might be used is laser spectroscopy, e.g., remote detection of air pollutants. The 1.9-2.0 μm spectral region contains multiple absorption lines of several molecules, especially two harmful greenhouse gases: carbon dioxide (CO 2 ) and nitrous oxide (N 2 O). Carbon dioxide is the primary greenhouse gas that is contributing to recent climate change. It is absorbed and emitted naturally as part of the carbon cycle (e.g., animal and plant respiration, volcanic eruptions, ocean-atmosphere exchange), but also human activities strongly contribute to the global emission of CO 2 (e.g., burning of fossil fuels) [93] . Nitrous oxide is also a major greenhouse gas and air pollutant. The N 2 O molecules stay in the atmosphere for an average of 120 years before being removed by a sink or destroyed through chemical reactions. Globally, about 40% of total N 2 O emissions come from human activities [94] . Nitrous oxide is emitted from agriculture (when nitrogen is added to the soil through the use of synthetic fertilizers), transportation (from burning of fuel), and industry activities (e.g., production of synthetic materials). It is predicted that N 2 O emissions are going to increase by 5% between 2005 and 2020, driven largely by increases in emissions from agricultural activities [93] [94] [95] .
Up to date there were only few reports on graphene-based Tm-doped fiber lasers. The first mode-locked TDFL was reported by Zhang et al. [96] in 2012. The authors have achieved 3.6 ps pulses at 1.94 μm. The laser was using chemically exfoliated graphene (via LPE method) dispersed in PVA host. Later, Wang et al. [97] demonstrated a TDFL emitting 2.1 ps pulses, based also on graphene exfoliated by ultrasonic method (dispersed in dimethyloformamide). In 2013, Sobon et al. [98] reported an all-fiber Tm-doped laser which generated 1.2 ps pulses at 1884 nm, using a CVD-graphene/PMMA composite. Improvements in the graphene technology and careful cavity optimization allowed the same authors to further shorten the pulse almost twice (654 fs at 1940 nm [73] ). An interesting concept of a Tm/Ho-doped fiber laser was presented by Jung et al. [49] . The oscillator was mode-locked by a side-polished (Dshaped) fiber with deposited graphene oxide. Unfortunately, the pulse duration directly from the oscillator was unknown, due to insufficient output power to perform an autocorrelation measurement [49] . Later, the first polarization maintaining laser was demonstrated. The oscillator was capable of generating 603 fs pulses at 1876 nm [99] . The same group also reported chirped pulse amplification (CPA) of a Tm-doped oscillator in a fully fiberized design, achieving 260 fs pulses with more than 1 nJ energy at 1970 nm [100] .
Other low-dimensional materials as saturable absorbers
Topological insulators
Among all the identified topological insulators, three have found very much attention by the photonics community: bismuth telluride (Bi 2 Te 3 ), bismuth selenide (Bi 2 Se 3 ) and antimony telluride (Sb 2 Te 3 ). Carrier recombination mechanism in those materials was already investigated using time-resolved and angle-resolved photoelectron spectroscopy (tr-ARPES) [101] [102] [103] [104] , confirming the presence of surface metallic states.
The first mode-locked fiber laser incorporating a TI-based saturable absorber was proposed by Zhao et al. [22] . [106] , the first demonstration of harmonic mode locking with Bi 2 Te 3 [107] , first demonstration of the usage of Sb 2 Te 3 topological insulator for mode locking [32] , harmonic mode locking with Sb 2 Te 3 [108] , or development of TI-polymer composites [33] . The shortest pulse generated with a TI-based saturable absorber was reported in 2016 by Liu et al. [47] . The oscillator incorporated Sb 2 Te 3 TI deposited on a tapered fiber and delivered 70 fs pulses at 1542 nm wavelength, whose 3 dB spectral width is 63 nm with a repetition rate of 95.4 MHz. However, the mode locking was not truly SA based-the cavity contained an additional polarizer and wave-plates. Thus, the mode locking was a result of a hybrid combination of saturable absorption and NPR. The shortest pulses achieved directly from an oscillator modelocked only by a TI-based SA were 128 fs [48] .
Transition metal dichalcogenides
Transition metal dichalcogenides are in general characterized by the chemical formula MX 2 , where M is a transition metal, e.g., molybdenum (Mo) or tungsten (W), and X is a group VI element: sulfur (S), selenium (Se), or tellurium (Te). Those materials were already investigated in the late 1960s of the twentieth century [109] . The general interest in TMDCs was renewed after the great success of graphene. Materials as such as MoS 2 , MoSe 2 , WS 2 , WTe 2 , MoTe 2 , and WSe 2 are currently extensively investigated, since they allow applications as transistors, photodetectors, and optoelectronic devices [110] . In contrast to graphene, TMDCs are characterized by a band gap, which varies significantly with the material thickness [111] .
The first TMDC material used as SA in lasers was molybdenum disulfide. The saturable absorption effect in MoS 2 nanosheets was already investigated in 2013 [112] . Less than one year after this discovery, Zhang et al. [34] demonstrated the first laser mode-locked with the use of MoS 2 . The Yb-doped fiber laser generated stable pulses centered at 1054.3 nm, with a 3-dB spectral bandwidth of 2.7 nm and duration of 800 ps. Later, the same group has demonstrated ultrashort pulse generation from an Er-doped fiber laser mode-locked with MoS 2 -based saturable absorber [35] . The laser generated 710 fs pulses centered at 1569.5 nm wavelength with a repetition rate of 12.09 MHz. Wavelength-tunable operation of a MoS 2 -based fiber laser in a very broad spectral range was reported by Zhang et al. [113] . The demonstrated laser utilized a PVA-MoS 2 saturable absorber and enabled continuous tuning from 1535 to 1565 nm. Molybdenum disulfide can be also used in combination with tapered fibers. For example, Du et al. [46] demonstrated an Yb-doped fiber laser which generated dissipative solitons at 1042.6 nm with pulse duration of 656 ps and a repetition rate of 6.74 MHz. Also a harmonically modelocked Er-doped laser incorporating a microfiber-based MoS 2 SA was reported [114] . Very recently, Wu et al. [115] demonstrated a reflective MoS 2 saturable absorber for a short-cavity Er-doped fiber laser. They have achieved 606 fs pulses at 1556.3 nm with 463 MHz repetition rate.
The saturable absorption effect was also confirmed for other TMDCs [116] , but up to date, probably not all of them were used as mode-lockers in lasers. Recently WS 2 has found attention of the ultrafast laser community. Lasers operating at 1.03 μm [117] , 1.55 μm [118, 119] , and 1.94 μm [41] were already reported with pulse durations down to 595 fs [119] .
Black phosphorus
Similarly to TMDCs, black phosphorus is a material which was once on interest of the physics community (in the 1980s and 1990s of the twentieth century [120, 121] ), and was "rediscovered" in the recent years after the great success of other 2D materials.
It has a graphene-like layered structure, in which the layers are bound with van der Walls forces [122, 123] . Mechanical exfoliation of black phosphorus leads to obtaining a single-layer 2D material called phosphorene [121] [122] [123] [124] (analogously to "graphene"). Similarly to TMDCs, the energy band gap of BP scales with the number of layers. It might be tuned from approx. 1.5 eV for monolayer phosphorene up to ∼0.3 eV for bulk black phosphorus [125] . Up till now, the broadband nonlinear optical response of BP has been confirmed at wavelengths ranging from of 400 to 1930 nm [126, 127] . The first report on the usage of BP as a saturable absorber in a laser was posted on arXiv in 2015 [128] . Mode locking at both 1.55 and 1.9 μm wavelengths was reported. In both lasers, the BP layers were exfoliated mechanically from bulk material using an adhesive tape. Afterward, a ~300 nm thick layer was transferred onto a fiber connector, and connected with another one, just like shown in Figure 14 . A scanning electron microscope (SEM) image of the fiber tip (with marked core and cladding of the fiber) with deposited BP layer is shown in Figure 14(a) [36] . The composition of the transferred layer onto the fiber core area was confirmed by energy-dispersive X-ray spectroscopy (EDX). The analysis of the spectroscopy data is shown in the inset of Figure 14 . It confirms that the transferred material is black phosphorus (the Si and O peaks originate from the optical fiber). The atomic force microscope (AFM) measurement confirmed the average thickness of the layer at the level of 250-300 nm (Figure 14b) .
The performance of the Tm-doped fiber laser mode-locked with the described BP-based saturable absorber is depicted in Figure 15 . The laser generated soliton-shaped optical spectra centered at 1910 nm with 5.8 nm of FWHM bandwidth (a), which corresponded to a 739 fs pulse (b). It is worth mentioning that the authors claimed a high damage threshold of the BP layers. The laser was pumped with relatively high power (up to 400 mW) and the SA was not damaged or degraded during any of the performed experiments [37] . Black phosphorus in form of nanopalettes (NPs) was also used in combination with microfibers for evanescent field interaction. In their work, Yu et al. [129] reported that the SA had a modulation depth of 9.8% measured at 1.93 μm. A stable mode-locking operation at 1898 nm was achieved with a pulse width of 1.58 ps and a fundamental repetition rate of 19.2 MHz.
Similarly to graphene, BP is also suitable for operation in the midinfrared. In 2016, Wang et al. [130] demonstrated the first Cr:ZnSe laser incorporating BP as saturable absorber. However, the laser was not mode-locked but Q-switched. Generation of 189 ns pulses with average output power of 36 mW was obtained at 2.4 μm wavelength.
Summary and outlook
In summary, the recent most important advances in the field of ultrashort-pulsed lasers utilizing two-dimensional materials have been presented. A group of 2D materials, such as graphene, topological insulators, and transition metal dichalcogenides, have unambiguously revolutionized the field of mode-locked fiber-based and solid-state lasers. The discovery of unique optical properties of graphene has initiated an extremely fast progress in the science of two-dimensional nanomaterials, which strongly contributed to the development of novel ultrafast laser sources. It is evident that the interest in 2D material-based photonics will not slow down in the next years.
Two-dimensional Materials -Synthesis, Characterization and Potential Applications 142
